Serial determinations of plasma erythropoietin and renin activities and mean arterial blood pressure were done in five dogs before and after renal allotransplantation. Throughout the experiment, the animals were given 154 mEq of NaCl per day, starting 1 week before transplantation. No immunosuppressive therapy was given. Onset of immunological rejection was determined by daily measurement of endogenous creatinine clearance. Arterial pressure and plasma erythropoietin concentration increased markedly at the time of rejection, with the curves for the two variables closely paralleling each other in all animals. Serial determinations of plasma volume done in two of the dogs did not show any significant change at the time when hypertension appeared. Plasma renin activities remained very low throughout the experiments, indicating that even with the vascular lesions of rejection renin release is still subject to normal control mechanisms. It is concluded that elevated plasma renin activity is not an essential causal factor of the hypertension which occurs with renal allograft rejection. Since it is possible to suppress renin release without substantially inhibiting erythropoietin release, different stimuli appear to cause release of these substances.
blood pressure to hypertensive levels. Some studies in human renal transplant recipients have shown an increase in plasma renin to be associated with hypertension (2), but others have failed to show any consistent relationship between these variables (3, 4) . Thus it is not clear whether increased renin activity is an important factor in the hypertension which may occur during rejection of a renal allograft. The experiments reported here were done to determine (a) whether renin output at the time of immunological rejection can be suppressed by saline loading and (b) whether hypertension occurs with rejection in salineloaded animals. To study further the relationship between the stimuli for release of 100 ABBRECHT, VANDER, TURCOTTE erythropoietin and renin, the effects of saline loading on erythropoietin release were also determined.
Methods
Renal allografts were done on five female mongrel dogs weighing 17 to 24 kg. In each animal a bilateral nephrectomy was performed and a donor kidney from another dog was transplanted into a retroperitoneal pocket in die right side of the false pelvis. The end of the renal vein was anastomosed to the side of the distal vena cava, the end of the renal artery was sewn to the proximal end of the divided iliac artery, and ureteral continuity was re-established by anastomosing the spatulated end of the proximal donor ureter to the end of the recipient's ureter.
Several weeks prior to transplantation, plastic catheters were implanted in a carotid artery and an external jugular vein. At the same time an episiotomy was done to facilitate bladder catheterization. The dogs were fed a diet containing approximately 5 mEq sodium per day (h/d Prescription Diet, Mark Morris Associates, Inc., Topeka, Kansas). Five hundred milliliters of 1.8% NaCl solution (154 mEq sodium) were given intravenously each day during the week before transplantation and every day following transplantation. The dogs were kept in metabolism cages so that urinary sodium excretion and endogenous creatinine clearance could be measured. At the end of each 24-hour collection period the bladder was emptied with a urethral catheter to insure complete urine collection. No immunosuppressive therapy was given.
Daily determinations of mean arterial blood pressure, hematocrit, weight, plasma creatinine and sodium concentrations, and urinary creatinine and sodium excretion rates were made during the week before transplantation and following transplantation until the animals died. At least two control plasma samples for erythropoietin and renin measurements were obtained before transplantation, and daily samples were taken after transplantation. The animals were trained to lie quietly for one-half hour before the blood pressure measurements and blood samples were obtained. Sampling was done at the same time each day. To reduce the erythropoietic stimulus resulting from frequent blood sampling, the red cells from all blood samples were resuspended in isotcnic saline to their original hematocrit and returned to the dog through its venous catheter. In two of the dogs plasma volume was measured (dilution of Evans blue) during the control period and several times after transplantation. Ureteral and vascular anastomoses of the transplanted kidneys were checked for patency immediately after the death of the animals.
Plasma renin concentrations were determined by a modification of the method of Boucher and associates (1) . This method measures renin indirectly by assaying the quantity of angiotensin generated during plasma incubation under standardized conditions. Accordingly renin concentrations are expressed as angiotensin equivalents ir nanograms per milliliter of plasma. The lower limit of sensitivity for this method is about 0.5 to 1.0 ng/ml. Plasma erythropoietin content was determined by measuring the increase in uptake of radioactive iron by the erythrocytes produced by the plasma sample in hypoxia-induced polycythemic mice, as previously described (5) . Ten mice were used to assay each sample. Mice injected with isotonic saline were used as controls. The mean value obtained for 59 Fe uptake in the control mice was 0.8%.
Creatinine was determined by the method of Bonsnes and Taussky (6) , and Na + concentrations were measured by flame photometry.
Results
The experimental results from the five dogs are shown in Figure 1 and Table 1 . Creatinine clearances for the first day after the transplant ranged from 23 to 37 liters/24 hours. Creatinine clearances of all the dogs remained fairly constant for the first 3 to 5 days and then dropped sharply, presumably as a consequence of immunological rejection.
In each animal, plasma erythropoietin concentration rose from very low levels before the transplant to a maximum value which occurred on the same day in which creatinine clearance began to fall abruptly. In all cases except dog 4, plasma erythropoietin content decreased promptly after reaching its peak value. In dog 4, a first peak in erythropoietin concentration which was associated with a marked decrease in creatinine clearance occurred on the fifth day after the transplant. After a slight decrease on the sixth day, erythropoietin concentration then rose to its maximum value on the eighth day.
In all of the animals the curves for mean arterial pressure closely paralleled those for plasma erythropoietin concentration ( Fig. 1 ). In four dogs blood pressure and erythropoietin concentrations reached their maximum value on the same day. In dog 5 blood pressure was maximum on the day following the erythropoietin maximum. Like erythro- Plasma erythropoietin and renin activities, mean arterial pressures, and endogenous creatinine clearances before and after renal allotransplantation for dogs 1 through 5. Erythropoietin values poietin concentration, blood pressure fell during the terminal uremic period.
Plasma renin activities both before and after transplantation were very low, and in many cases no renin activity could be detected. There were no increases in renin activity at the times when blood pressure and plasma erythropoietin concentration rose after transplantation; indeed, in dogs 1 to 3 plasma renin appeared to drop with rejection.
The daily urinary sodium excretion was about equal to daily intake immediately before transplantation, indicating that the animals were in balance at the increased level of sodium intake. During the first few days after transplantation all of the dogs excreted only part of the sodium load. Daily sodium excretion then increased, reaching a maximum value just before the major fall in creatinine clearance, and then decreased as filtration rate fell. Plasma sodium concentrations remained relatively constant until the onset of rejection, after which they rose progressively.
The weight of all dogs increased following transplantation, with an average increase above pretransplant weight of about 1 kg at the time rejection began. In several of the dogs there was a terminal weight decrease related to anorexia and vomiting. Values obtained for plasma volume in dogs 4 and 5 are given in Table 2 . Plasma volume at the time of maximum blood pressure was increased 1925 above the pretransplant value in dog 4, and \2% in dog 5. These increases occurred by the sixth day after transplantation. There were no significant changes in plasma volume during the period when blood pressure was maximum.
Post-mortem examination of the transplanted kidneys revealed that all anastomoses were intact and patent.
Discussion
The creatinine clearance data indicate that all of the transplanted kidneys functioned well immediately after transplantation. The pattern of changes in glomerular filtration rate that we observed is similar to that reported by Dibbell and associates (7) for dogs undergoing renal allograft rejection. Plasma erythropoietin concentrations rose significantly at the time of rejection, as has been found previously (1, 5) . It is possible that the low hematocrits which occurred after surgery contributed to the elevation in erythropoietin concentration. In dogs in which anemia was produced rapidly by dextran-for-blood exchange, plasma erythropoietin concentration rose gradually to a maximum value about 10 days after induction of anemia (8) . In our animals, the maximum erythropoietin concentrations occurred suddenly within a few days after hematocrit began to decrease. In some cases, e. g., dog 1, marked increases in erythropoietin occurred at hematocrit levels which would not be expected to cause erythropoietin release (9) . Thus, the very sudden nature of the increases in erythropoietin concentration and their occurrence at the times that creatinine clearances fell sharply indicate that rejection was the major cause of erythropoietin release.
In previous experiments in which the transplant recipients were not saline loaded (1), plasma erythropoietin and renin activities and blood pressure reached a maximum shown by solid circles are significantly different (P < 0.05 by Student's t-test) from the values obtained from control mice injected with saline. Values for renin activity indicated as "N" were nondetectable with the assay method used. simultaneously at the time of rejection. In the present experiments any rise in renin activity which might have occurred with rejection was prevented by the saline loading. The exact state of sodium balance in these animals cannot be determined by comparing their intake and renal excretion, since they also had significant losses from vomiting and diarrhea, especially as the degree of uremia progressed. However, two considerations indicate that the dogs were adequately saline loaded to suppress renin release. The dogs' weights, which were stable before transplantation, increased in the early posttransplant period. This increase occurred although the dietary intake was the same as during the control period, or in some cases less than in the control period, since the animals became anorexic. Thus the weight gain indicated some retention of fluid in the early postoperative period. The increases in plasma volume found in dogs 4 and 5 on the sixth day after transplantation also indicate a significant amount of fluid retention. Since renin output in transplant recipients can be suppressed by saline loading, renin release is subject to normal control mechanisms even with the vascular lesions which occur with rejection.
Despite the suppression of renin release, blood pressures rose to hypertensive levels at the time of rejection in all of the saline-loaded animals. The average of the maximum blood pressures found in the saline-loaded dogs (131 mm Hg) was similar to that for the non-salineloaded animals (128 mm Hg) of our previous study (1) . These findings demonstrate that the hypertension which may occur during rejection of a renal allograft is not totally dependent upon increased plasma renin activity. Increased renin activity may have contributed to the blood pressure elevation in the non-saline-loaded animals (1), but it was not an essential causal factor.
It is possible that the saline loading could have contributed to the rise in blood pressure at the time of rejection (3, 10) . In the two dogs in which it was measured, plasma volume had risen significantly above control values by the sixth day after transplantation (Table 2 ). However, during the time when blood pressures actually rose (the sixth to eighth day after) plasma volumes did not change significantly, and the animals' weights actually dropped. More data would be required to establish whether plasma volume changes are causally related to the blood pressure. It is also possible that changes other than plasma volume expansion induced by saline loading may be related to hypertension.
Other possibilities which must be considered are that some hormone other than renin is responsible for the blood pressure changes in renal transplant recipients, or that a renal vasodepressor substance fails to be produced when the renal parenchyma are damaged by rejection. The entire question of endocrine factors in renal hypertension has been reviewed extensively (11) , but the problem remains highly controversial.
The present experiments confirm that it is possible to dissociate the production of renin and erythropoietin. In non-saline-loaded animals, increases in plasma erythropoietic stimulating activity at the time of renal allograft rejection are accompanied by increased plasma renin activity (1) . In the present experiments the renin release which would be expected to occur during rejection was almost totally suppressed by saline loading. However, erythropoietin release did not appear to be affected appreciably by the saline loading. Control values for plasma erythropoietin activity were not significantly different between the saline-loaded and the non-salineloaded animals, and the erythropoietin levels at the time of rejection were of the same order of magnitude in the two groups. Thus, while closure of small vessels may be the basic event precipitating release of both renin and erythropoietin during rejection, it appears that the actual stimuli for release of the two substances are different. This concept agrees with the work of Donati and associates (12) , who found that rats subjected to a combination of chronic saline loading and acute hypoxia had reduced plasma renin activity and increased plasma erythropoietin activity. They also found that exposure of rats to low oxygen tension increased erythropoietin activity and caused an insignificant decrease in renin activity. It seems probable that in the transplanted kidney undergoing rejection, erythropoietin is released in response to renal anoxia, while the release of renin might be due to a decreased macula densa sodium load secondary to reduced filtration rate (13) or to changes in afferent arteriolar pressure (14) .
